Abstract The geographic variations in male ornamentation provide insights into how different populations reach a different mean trait value under opposing forces of natural and sexual selection. Although the latitudinal cline of the elongated tail streamer, a sexually selected trait in the European subspecies of the barn swallow Hirundo rustica rustica, is a classic example, it has recently been shown that other subspecies of swallows have different targets of sexual selection. Here, we studied the latitudinal cline of ornamentation in the Asian subspecies, H. r. gutturalis, in which not the tail length but the white tail spot and red throat patch are important sexually selected traits. After controlling for covariates, the size of the white tail spot increased with latitude, while the size of the red throat patch decreased with latitude. On the other hand, we could not find any clear pattern regarding the elongated tail streamer, measured as fork depth. The divergent ornamentation across populations could be explained by latitudinal clines of sexually selected advantages of each ornament.
Introduction
The geographic variations in male ornamentation provide insights into how different populations reach a different mean trait value under opposing forces of natural and sexual selection. A classic example can be observed in the European subspecies of the barn swallow, Hirundo rustica rustica (Møller 1994) . Male swallows obtain sexually selected advantages from displaying elongated tail streamers at the cost of impaired foraging. The fact that males display elongated streamers in the more northern regions of Europe may be explained by the observation that foraging for flying insects is more expensive in southern than in northern Europe because of the greater flying ability of the insects with high ambient temperatures. Therefore, males exhibit elongated tail streamers in the north where natural selection may oppose sexual selection to a lesser extent (Møller 1994) .
Recently, it has been shown that other subspecies of the barn swallow have different targets of sexual selection (Safran and McGraw 2004; Neuman et al. 2007 ; see also Vortman et al. 2011 ). In the Asian subspecies, H. r. gutturalis, which have short tail streamers (Turner 2006; Hasegawa et al. 2010) , sexual selection for tail streamers is not strong (e.g., Kojima et al. 2009; Hasegawa et al. 2010) . Instead, previous studies have shown that the white tail spot and red throat patch are the two important sexually selected traits (Hasegawa et al. 2010 (Hasegawa et al. , 2012 reviewed in Hasegawa 2011 ). Thus, if there are any geographic variations in male ornamentation, these two male ornaments would have geographic variations in this subspecies rather than tail streamers. As in the European subspecies (Møller 1994) , we studied the latitudinal cline of male ornamentation in the Japanese islands by using a dataset of skin specimens preserved in museums. We also discuss the potential reasons for the observed pattern.
Materials and methods

Study specimens
We used skin specimens that were collected during the breeding season (i.e., from April to August; Hasegawa et al. 2010; reviewed in Turner 2006) to exclude migrating or wintering swallows. In total, we examined 65 skins of adult barn swallows from six museums. The recovery site, as written on the label of each specimen, was classified into three groups, South, Middle, and North, which corresponded to the latitude. South consists of the Kyushu region (traditionally called ''Minami-nippon'' meaning southern Japan; Tanioka 2007); North consists of Hokkaido Prefecture and Tohoku region (traditionally called ''Kita-nippon'' meaning northern Japan; Tanioka 2007); and Middle includes all prefectures between the North and South (see supplementary material S1). This three-group classification was chosen due to small sample size (i.e., samples were too scattered to analyze using original latitude), with reference to the climate, geography, as well as latitude. This classification was closely linked to the mean annual temperature, i.e., decreasing mean annual temperature toward the north (n = 16; Spearman's rank correlation coefficient, r s = -0.85, P \ 0.001; see supplementary material S1; Japan Meteorological Agency 2011). This classification would be enough large to capture the general geographic trends of ornamentation as dispersal distances (and perhaps gene flow, too) of barn swallows rarely exceed 200 km (max. 410 km, usually a few kilometers; reviewed in Turner 2006), which is much shorter than the distance between the two boundaries (i.e., boundary of North and Middle and that of Middle; ca. 800 km). The sex of the swallows was determined on the basis of the morphology and information written on the label of each specimen.
Measurements
We measured the wing length, tail fork depth, and sizes of the white tail spot and the throat patch to the nearest millimeter. Because of the difficulty in measuring from the skin specimens, we used indices that were somewhat different from those used for live birds (see Hasegawa et al. 2010) . The tail fork depth was used instead of the tail length for the easiness and preciseness of measurements, as the tail fork depth of males also increases from south to north at least in Europe (Møller 1995; Møller et al. 1995; Barbosa and Møller 1999; reviewed in Turner 2006, p. 24) . This procedure would not be problematic, as the tail fork depth was highly significantly correlated with our measure of tail length after controlling for sex and site (n = 55, Pearson's partial correlation coefficient, r p = 0.91, P \ 0.0001). In fact, similar results were obtained when using our poor measure of tail length instead of the tail fork depth with and without controlling for wing length (data not shown). To avoid destroying the skin specimen, only the outermost white tail spot was measured. Rather than the absolute height, the relative size of the red throat patch [i.e., the height of the red throat patch/(height of the red throat patch and black breast band)] was measured to control for different specimen postures (imagine shrunken and stretched neck specimens). This procedure is justified because of the following reasons. First, qualitatively similar results could be obtained when using the absolute height of red throat patch (data not shown). Second, the denominator (i.e., the height of the red throat patch and black breast band) was considerably constant (variance = 4.95) compared to the absolute height of the red throat patch (variance = 48.77; F test, F = 2.85, P \ 0.01; Joetsu population, n = 34; M. Hasegawa, unpublished data). Finally, there was no geographic cline in the denominator with and without controlling for sex and/or other morphologies (n = 46, |Coef.| \ 0.18, F \ 0.03, P [ 0.87), indicating that controlling for the denominator would not confound the results. In this study, we did not analyze plumage coloration because of plumage color fading (e.g., Hasegawa et al. 2008) , and hence, we regarded the throat patch size as a representative of the colorfulness of the red throat patch. This view is justified, because throat patch size and patch coloration are developmentally and functionally integrated, at least in part (e.g., Hill 2002; reviewed in Hill and McGraw 2006a, b ; see also supplementary material S2).
Statistics
Body measurements were analyzed using a general linear model (GLIM). The significance of the terms in a GLIM was based on the difference in deviance and degrees of freedom of the models with and without the predictor in question. In the analysis, we fitted a full model containing all explanatory variables and covariates that were supposed to have an influence on body measurements (i.e., variables inter-correlated with the focused measurement). Statistical control of inter-correlation is justified, as life-history theory predicts that high-quality individuals can invest large on both two traits that were functionally correlated (i.e., sexually selected traits in the current case; see ''Results''), which would obscure the large-scale pattern of focused traits (sensu Stearns 1992; Andersson et al. 2002) . Collinearity between variables can cause problems in GLIM, but this is generally not considered problematic when |r| \ 0.70, as in the present study (cf. Møller 2004) . A final model was selected by progressively eliminating non-significant explanatory variables (P [ 0.05). In the analysis of inter-correlation among body measurements, we used Pearson's partial correlation coefficient to control for sex and site. All data analyses were performed using the R statistical package (v.2.8.0; R Development Core Team 2008). Throughout the paper, statistical tests are two-tailed and P values lower than 0.05 are considered as significant.
Results
Inter-correlations among measurements
After controlling for sex and site, a positive relationship was observed between the sizes of the white tail spot and throat patch (n = 46, Pearson's partial correlation coefficient, r p = 0.39, P \ 0.01), indicating that swallows with large white tail spot also had large throat patch for each sex in each site. Similarly, a non-significant positive relationship was observed between the tail fork depth and wing length (n = 58, r p = 0.25, P = 0.06). The other relationships among wing length, sizes of the white tail spot and throat patch, and tail fork depth were far from significant (n [ 43, |r p | \ 0.21, P [ 0.16).
Wing length
Wing length was significantly related to sex, but it was not significantly related to site (Table 1) ; across the Japanese islands, males showed longer wing lengths than females.
Tail fork depth
Tail fork depth was significantly related to sex, but it was not significantly related to site (Table 2 ). This was also the case even after including a marginally significant relationship with the wing length in the final model (data not shown). Overall, males had on average deeper forks than females.
The size of the white tail spot After controlling for the inter-correlation with the throat patch size, the size of the white tail spot was significantly related to two variables; sex and site (Table 3 ). The size of the white tail spot was larger in males than in females, and it increased toward the north (Fig. 1) . In the north, swallows had white tail spots that were, on an average, 3.0 mm larger than those in the south, with anything else being equal. This difference corresponds to ca. 14 % of the total length of the white tail spot.
The size of the red throat patch After controlling for inter-correlation with the size of the white tail spot, throat patch size was significantly related to site (Table 4) . Throat patch size decreased toward the north (Fig. 2) . In the north, swallows had throat patches that were, on an average, 17 % smaller red throat in relation to total size of throat (i.e., height of the red throat patch and black breast band) than throat patches of swallows in the south, with anything else being equal. Mean wing length ± SD = 115 ± 3 mm. Coefficients, F values, and P values of significant terms (P B 0.05) are from the final model, whereas coefficients, F values, and P values of non-significant terms are from the final model with each non-significant term added separately. The interaction term was excluded because of non-significance a Indicates the variables retained in the final model Fig. 1 Relationship between the site and residual size of the white tail spot of the Asian barn swallow, Hirundo rustica gutteralis after controlling for significant covariates (see Table 3 ). Bars mean ± SD J Ethol (2013) 31:79-83 81
Discussion
These findings indicate latitudinal clines of two ornaments, throat patch size and white tail spot size, after controlling for inter-correlation. Since the barn swallow is a migratory bird species, restricted gene flow among populations would not be an appropriate explanation for the observed pattern (see also Møller et al. 2006) . Rather, the observed pattern can be explained by the relative importance of the two ornaments. A potential explanation for the geographic variation in ornamentation is that natural selection favors different ornaments with latitude. Because neither ornament impairs aerodynamic ability, the explanation of foraging costs (sensu Møller 1994) could not be applied. Likewise, the explanation of thermoregulation would be unlikely because both ornaments consist of small patches and are positioned at hidden places (i.e., throat patch: ventral side; white tail spot: between tails; Turner 2006; see also Figs. 1, 2) . Another explanation is the physiological costs of the ornaments, as predicted by sexual selection theory (Andersson 1994) . In fact, white tail spots have a cost of reduced resistance to ectoparasites , and the red throat patch has a hormoneregulated cost (Safran et al. 2008; Eikenaar et al. 2011) . Unfortunately, we do not have a clear prediction of the geographic variation in these costs, which needs to be studied in the future.
An alternative explanation for the geographic variation in ornamentation is that sexual selection favors different ornaments with latitude. Although previous studies showed that the two ornaments are sexually selected, they were related to each sexual selection episode in different manners. For example, a large white tail spot brings early breeding onset to the owner (Hasegawa et al. 2010; Hasegawa 2011) , which would be a greater help in northern populations, where the breeding period is restricted (Turner 2006) . In addition, males with a large white tail spot have the reproductive advantage at incubation periods in high latitudes (i.e., cold environments) because of the effective incubation investment of their mates (Hasegawa et al. 2012) . In contrast, the red throat patch is only weakly related to breeding onset date (Hasegawa et al. 2010; Hasegawa 2011) , indicating that, at high latitudes, colorful throat patches are not so beneficial to owners as large white tail spots. Rather, males with a colorful throat had a reproductive cost at high latitudes because of the ineffective incubation investment of their mates: females paired to these colorful males had longer off-bout durations, which elongates the incubation period, compared with other females (Hasegawa et al., in preparation; see also Hasegawa et al. 2012) . Instead, males with a colorful throat patch had a higher probability of having multiple clutches (supplementary material S2) and a high-quality territory (Hasegawa 2011) , perhaps because of high aggressiveness (Safran et al. 2008; Eikenaar et al. 2011) . Colorful throat patches would be relatively beneficial at lower latitudes where these components rather than breeding onset date would be more important than at higher latitudes (Turner 2006) .
These arguments assume situations with no tradeoff between the two ornaments, but this might not be the case. Individuals may often be forced to trade off the resources they allocate to different ornaments which would be costly to produce and maintain (e.g., Andersson et al. 2002; Wagner et al. 2012 ). With such a tradeoff between two ornaments, the geographic cline of one ornament will automatically cause a geographic cline of the other ornament in the reverse direction. The positive correlation between throat patch size and the size of the white tail spot within sites at first seems to be inconsistent with the tradeoff explanation. However, within-site patterns do not always predict the tradeoff among ornaments, as highquality individuals can invest significantly in both two Residual size of red throat patch controlling for covariate Fig. 2 Relationship between the site and residual size of the red throat patch after controlling for a significant covariate (see Table 4 ). Bars mean ± SD traits that are functionally correlated, which would mask the pattern of resource allocation (sensu Stearns 1992; Andersson et al. 2002) . The validation of the tradeoff explanation requires experiments (e.g., Wagner et al. 2012) , which are clearly beyond our scope here. It should be noted that this tradeoff explanation and the above explanations are not mutually exclusive and can work together.
Here, we showed the latitudinal cline of the two sexually selected traits, red throat patch and white tail spot, across the Japanese islands. Because the range of this study was smaller than that of the European study (supplementary material S1; see also Møller 1994 Møller , 1995 , we could not directly compare the intensity of the latitudinal cline of tail fork depth in the two subspecies. Rather, it should be noted that we found divergent ornamentation even in the small study range. The latitudinal cline of the sexually selected advantages of each ornament could explain the divergent ornamentation, which would be maintained without speciation unless the targets of sexual selection change.
